With a total length of ~200 nm and an inner diameter of ~50 nm at the narrowest point, the human NPC is composed of approximately 30 different Nups, with an estimated 8, 16 or 32 copies per NPC 1-9 . One-third of these Nups are FG Nups, which can be refined into three major groups: FG Nups, FxFG (Phe-x-Phe-Gly, in which x denotes any amino acid) Nups and GLFG (Gly-Leu-Phe-Gly) Nups 10 . These FG Nups together have been suggested to form an entropic barrier in the NPC through a form of the 'oily spaghetti' , 'FG bristles' or 'polymer brush' models (formed by noncohesive FG domains) [11] [12] [13] [14] [15] or a form of the 'selective phase' or 'saturated-hydrogel meshwork' models (structured through FG-FG interactions among the FG repeats of FG Nups) [16] [17] [18] [19] (Fig. 1a) , although these models are currently under debate. The FG-Nup barrier is highly selective, allowing for passive diffusion of signal-independent small molecules (<40 kDa) and facilitated transport of cargos that carry either nuclear localization sequences (NLSs) or nuclear export signals (NESs) recognized by TRs 6, 7, 20 . In the process, TRs greatly enhance the transport efficiency of cargos through the NPCs by directly interacting with the FG repeats of FG Nups (TR-FG interactions). Numerous models have suggested that, to carry cargos through the NPC, TRs may push aside the oily spaghetti-like FG bristles 11 , collapse the polymer brush-like FG domains 14 , dissolve into the hydrogel meshwork of the FG barrier [16] [17] [18] [19] , slide along the inner wall of the nuclear pore coated with FG Nups 13 or adopt one central and eight peripheral channels in the FG-Nup barrier 21 . Many previous studies on interactions among FG Nups or among TRs and FG Nups, through approaches including bulk fluorescence measurements, theoretical simulations, in vitro biochemical assays, single-molecule tracking and electron microscopy imaging, have provided great insight into the above questions. However, neither the FG-FG interactions nor the TR-FG interaction sites have yet been completely mapped at the molecular level in native NPCs, although these data would be critical to distinguish among the disputed FG-FG or TR-FG interaction models and eventually refine the nucleocytoplasmic transport mechanism.
a r t i c l e s
With a total length of ~200 nm and an inner diameter of ~50 nm at the narrowest point, the human NPC is composed of approximately 30 different Nups, with an estimated 8, 16 or 32 copies per NPC [1] [2] [3] [4] [5] [6] [7] [8] [9] . One-third of these Nups are FG Nups, which can be refined into three major groups: FG Nups, FxFG (Phe-x-Phe-Gly, in which x denotes any amino acid) Nups and GLFG (Gly-Leu-Phe-Gly) Nups 10 . These FG Nups together have been suggested to form an entropic barrier in the NPC through a form of the 'oily spaghetti' , 'FG bristles' or 'polymer brush' models (formed by noncohesive FG domains) [11] [12] [13] [14] [15] or a form of the 'selective phase' or 'saturated-hydrogel meshwork' models (structured through FG-FG interactions among the FG repeats of FG Nups) [16] [17] [18] [19] (Fig. 1a) , although these models are currently under debate. The FG-Nup barrier is highly selective, allowing for passive diffusion of signal-independent small molecules (<40 kDa) and facilitated transport of cargos that carry either nuclear localization sequences (NLSs) or nuclear export signals (NESs) recognized by TRs 6, 7, 20 . In the process, TRs greatly enhance the transport efficiency of cargos through the NPCs by directly interacting with the FG repeats of FG Nups (TR-FG interactions). Numerous models have suggested that, to carry cargos through the NPC, TRs may push aside the oily spaghetti-like FG bristles 11 , collapse the polymer brush-like FG domains 14 , dissolve into the hydrogel meshwork of the FG barrier [16] [17] [18] [19] , slide along the inner wall of the nuclear pore coated with FG Nups 13 or adopt one central and eight peripheral channels in the FG-Nup barrier 21 . Many previous studies on interactions among FG Nups or among TRs and FG Nups, through approaches including bulk fluorescence measurements, theoretical simulations, in vitro biochemical assays, single-molecule tracking and electron microscopy imaging, have provided great insight into the above questions. However, neither the FG-FG interactions nor the TR-FG interaction sites have yet been completely mapped at the molecular level in native NPCs, although these data would be critical to distinguish among the disputed FG-FG or TR-FG interaction models and eventually refine the nucleocytoplasmic transport mechanism.
We have recently developed a high-speed super-resolution imaging approach, termed single-point edge-excitation subdiffraction (SPEED) microscopy and have used this approach to successfully obtain the threedimensional (3D) transport routes of passive diffusion and facilitated translocation through native NPCs [22] [23] [24] . In this paper, we set out to use this methodology to determine the 3D spatial distributions of FG-FG and TR-FG interaction sites, map the 3D configuration of the FG-Nup barrier and measure the competition among TRs as they simultaneously interact with the barrier in the native NPCs of human cells.
RESULTS

3D maps of FG-FG and TR-FG interactions in the native NPC
To map the 3D spatial distribution of the TR-FG interactions or the FG-FG interactions in the NPCs, we first used fluorescently labeled TRs or FG segments isolated from FG Nups as probes (0.1-1 nM for labeled probes) to identify these interactions (Fig. 1b) . With the spatiotemporal resolution of 400 µs and ~10 nm enabled by SPEED microscopy ( Supplementary Fig. 1, Supplementary Table 1 and Supplementary Note), we tracked the dwelling positions of individual fluorescent probes in the native NPCs (Supplementary Movies 1-3) . We then superimposed these positions to form two-dimensional (2D) super-resolution images of these probes in the NPC (Fig. 1c and Supplementary Fig. 2 ). Through well-established symmetrical transform algorithms (or back-projection conversion), these 2D distributions can be converted into 3D computed probability density maps in the NPC [22] [23] [24] ( Supplementary Fig. 3 and Supplementary Note).
a r t i c l e s Finally, to examine whether these probes would conduct TR-FG or FG-FG interactions or passively diffuse without interaction in the NPC, we also used truncated or mutated versions of the probes and repeated the above experiments as controls and comparisons. Notably, in our experiments we directly measured the dwelling positions of these probes rather than the interaction strength or binding affinity between the probes and FG Nups.
To map FG-FG interactions in the native NPCs of digitoninpermeabilized HeLa cells, we first obtained the 2D and 3D spatial locations of Nup116(345-458), a GLFG segment isolated from wildtype (WT) yeast (y) Nup116 and its positively charged mutant (bearing mutations of several neutral amino acids around FG repeats to positively charged lysine; Online Methods) in the NPC 21 (Fig. 2a,b) . We found that the mutant was primarily concentrated at a central axial channel with a diameter of ~19 nm through the NPC (Fig. 2b , i-v), a result agreeing well with the passive-diffusion pathways of small signal-independent molecules in the NPC, including 10-kDa dextran (Fig. 2c) as well as GFP, insulin and α-lactalbumin 23 . Because of the lack of interaction between these diffusing molecules and FG repeats in the NPC, their spatial locations indicated that this central axial channel may have no or very sparse FG repeats 23 . In contrast, the WT yNup116 segment was almost completely located at the periphery around this central axial channel in the scaffold region of the NPC (Fig. 2a, i-v) and also had the highest spatial probability density of FG-FG interactions in this zone (from −55 nm to 20 nm, defined as a strong FG-FG-interaction zone, Fig. 2a, iv) . Additionally, we observed some WT yNup116(345-458) molecules (~25% from 20 nm to 90 nm and ~8% from −55 nm to −100 nm) diffuse into the central axial channel on both sides of the NPC (defined as weak FG-FG-interaction zones highlighted in Fig. 2a, iv) . The above observations are consistent with previous suggestions that WT yNup116 interacts effectively with most FG Nups anchored in the central scaffold of the NPC and less effectively with FG Nups located on either side of the NPC 21 ; moreover, we found that the positively charged mutant completely lost all the FG-FG interactions in the native NPCs.
Next, to map TR-FG interactions in the NPCs of permeabilized cells, we measured the 2D and 3D spatial locations of importin (Imp) β1 and its truncated version Imp β1(331-861), which lacks almost half of the ten functional sites interacting with FG Nups 25 . Imp β1 molecules seldom stayed in a ~23 nm central axial channel and instead primarily occupied the peripheral regions around this axial channel all along the NPC (a single strong-interaction zone from −100 nm to 90 nm; Fig. 2d, iv) . This result indicated that the FG repeats recognized by Imp β1 are mainly available in the peripheral regions covering the entire NPC and was consistent with the notion that Imp β1 can interact with all the FG Nups in the NPC 10, 25 (Supplementary  Table 2 ). In contrast, its truncated partner Imp β1(331-861) interacted effectively with only the FG Nups at the scaffold of the NPC (with a strong-interaction zone ranging from −40 nm to 70 nm) but partially lost interactions at both sides of the NPC (−40 nm to −100 nm on the nuclear side and 70 nm to 90 nm on the cytoplasmic side formed two weak-interaction zones) (Fig. 2e, iv) . This observation is consistent with the previous measurements indicating that Imp β1(331-861) exhibits weaker binding activities in the NPC 25 and ineffective interactions in vitro between Imp β1 (I178D) and most FG Nups located on both sides of the NPC 26 . Thus, the above tests proved that our approach allowed us to distinguish the effective and ineffective FG-FG and TR-FG interactions in the native NPCs.
3D tomography of the FG-Nup barrier in the native NPC
To provide a more comprehensive map of FG-FG or TR-FG interactions and then use these interacting sites to reconstruct the native tomography of the FG-Nup barrier in the NPC, we further tested whether different FG segments or TRs might recognize different FG repeats in the NPC. First, we further examined the spatial distributions of human (h) Nup62(1-300), hNup98(1-466), yNup42(1-372), yNsp1(1-603) and yNup159(441-881) in the NPC (Supplementary Fig. 2 ) by following the same experimental procedure applied to yNup116(345-458). Similarly to the spatial location of yNup116(345-458), the first three assayed FG domains reaffirmed two distinct FG-FG interaction regions in the FG-Nup barrier: (i) the strong-interaction zone, in which the FG domains primarily located at the peripheral regions around a central axial channel (from −50 nm to 90 nm for hNup62; from −80 nm to 20 nm for hNup98; and from −50 nm to −10 nm and 10 nm to 90 nm for yNup42); and (ii) the weak-interaction zone, where a fraction of the FG domains appeared in the central axial channel (~12% for hNup62, ~19% for hNup98 and ~24% for yNup42) (Fig. 3a-c) . Moreover, we also found that, in contrast to the spatial distribution of yNup116(345-458), neither positively charged yNsp1(1-603) nor negatively charged yNup159(441-881) interacted with any FG Nups throughout the entire NPCs and instead primarily diffused through the central axial channel (Supplementary Fig. 4) .
The above results revealed that the spatial distributions of FG-FG interactions recognized by different FG segments had great similarities, but not all the FG Nups could interact with one another, and the native NPCs contained both interacting and noninteracting FG Nups, consistently with results from previous studies 27 . Next, we mapped the spatial distributions of two more major importins in the NPC, Imp β2 (also known as transportin) and nuclear transport factor 2 (NTF2), by following the same experimental protocol for Imp β1. In contrast to Imp β1, which had a single strong TR-FGinteraction zone, Imp β2 and NTF2 had both strong and weak TR-FG-interaction zones (Fig. 3d-f) . For Imp β2, its strong-interaction region has a range approximately half that of Imp β1, starting at 50 nm on the cytoplasmic side and ending at −50 nm on the nuclear side of the NPC. Within its weak-interaction zones on both sides of the NPC, 
ii ii 50 nm 50 nm 50 nm 50 nm 50 nm Table 2 ). Imp β1 strongly binds all the FG Nups in the NPC 6,7,10 , whereas Imp β2 has relatively weaker binding affinities with the FG Nups, particularly with those FG Nups located at the cytoplasmic and nuclear ends of the NPC, e.g., Nup358, Nup 214, Nup 50 and Nup153 (refs. 10,28,29) . Moreover, NTF2 possesses very weak binding activity toward most FG Nups on the cytoplasmic side and toward all of the GLFG Nups along the NPC 30 .
One such GLFG Nup is Nup98, which has been suggested to play a critical role in the selectivity barrier of the NPC 31 . Finally, we generated a spatial map of FG repeats based on the interactions detected among the FG Nups and several major exportins, including Crm1, CAS and the Tap ∆NLS -p15 complex (in which the mRNA-export receptor Tap was mutated to lack NLS and thus prevent complex formation with NLS-related TRs 32 ). We found that Tap ∆NLS -p15 possessed a single long, strong-interaction zone (from −100 nm to 90 nm), and less than 1% of Tap ∆NLS-p15 complexes appeared in the central axial channel between 0 nm and 40 nm (Fig. 3g-i) . Whereas Crm1 and CAS had multiple strong and weak TR-FG-interaction regions, which exhibited efficient binding to the FG Nups located on the nucleoplasmic side (from −100 nm to −40 nm for Crm1, and from −80 nm to −50 nm for CAS) and the central scaffold region (from −10 nm to 20 nm for Crm1, and from −10 nm to 50 nm for CAS) rather than those at the entrance to the central scaffold zone (from −40 nm to −10 nm for hCrm1, and from −50 nm to −10 nm for CAS) and on the cytoplasmic side (from 20 nm to 90 nm for Crm1, and from 50 nm to 90 nm for CAS) (Fig. 3g,h) . The above 3D spatial maps largely agreed with the in vitro studies of binding affinities between these exportins and individual FG Nups 10 (Supplementary Table 2 ).
Given that a small fraction of probe molecules diffused into the central axial channel in their weak-interaction zones, and that FGNup domains are absent or sparse in the central channel 11, 13, [22] [23] [24] , we excluded the locations of probes in the central axial channel and reconstructed the rest to obtain FG segment-based, importin-based or exportin-based tomography of FG repeats separately in the native NPCs (Fig. 3j-o and Supplementary Movie 4) . As shown, these three obtained tomographies of FG repeats had fundamental similarities and shared large overlapping spatial regions. We further overlapped the three distributions to obtain a comprehensive spatial probability density map of the FG repeats in the native NPC (Fig. 3p-s and Supplementary Movie 5). The merged 3D map of FG repeats revealed four distinct subregions in the NPC (~70 nm on the cytoplasmic side, ~40 nm at the central scaffold, ~80 nm on the nucleoplasmic side and an ~10 nm-diameter central axial channel); the lowest spatial FG-repeat density was in the central axial channel, and the highest density was at the periphery around the channel in the central scaffold of the NPC (Fig. 3p,q) . In particular, the central scaffold zone could be further divided into three layers: a central channel with the lowest FG-repeat density (I in Fig. 3s) , a belt close to the wall of the nuclear pore, with a medium density (III in Fig. 3s ) and an intermediate region with the highest density (II in Fig. 3s) . The above experimentally determined spatial distributions of FG repeats are strongly supported by a recent computational simulation of spatial locations of all the FG repeats in the yeast NPC 33 (Supplementary Fig. 5 ). (Fig. 3) . How the FG-Nup barrier coordinates the binding sites for these TRs and whether there is substantial competition among TRs in native NPCs still remain largely unknown. We selected Imp β1 and Crm1, the major importin and exportin in nuclear import and export, respectively, to test competition among TRs in our experiments. Our approach included three steps (illustrated by the experiments designed to study Imp β1's competition with Imp β2). First, we determined the spatial distribution of 1 nM labeled Imp β2 in the absence of Imp β1 in the NPCs of permeabilized cells. Second, we incubated the native NPCs with 1 nM labeled Imp β2 and 15 µM unlabeled Imp β1, and then observed changes in the spatial distribution of 1 nM labeled Imp β2.
We used a concentration of 15 µM, the maximum possible concentration for one TR in live cells 34 , for Imp β1 and other TRs in our tests of heavily TR-loaded NPCs. Third, we incubated cellular NPCs with 15 µM unlabeled Imp β1 and 1 nM labeled Imp β1, and then observed changes in the spatial distribution of 1 nM labeled Imp β1 in the absence of Imp β2, aiming at exploring any conformational changes of FG domains, as well as possible self-competition of Imp β1, induced by the 15 µM Imp β1.
We first found that the incubation of 15 µM Imp β1 with the NPCs in cells almost completely inhibited binding of 1 nM Imp β2 to the FG Nups within the strong-interaction region (from −50 nm to 50 nm) (Fig. 4a) . In contrast, 15 µM Imp β2 incubated with the NPC had a negligible effect on the binding of 1 nM Imp β1 to the FG Nups at the central scaffold of the NPC and caused only ~5% of Imp β1 molecules to lose their effective interactions with the FG Nups on either side of the NPC (Fig. 4b) . These results are consistent with previous in vitro biochemical measurements indicating that Imp β1 has much higher FG-Nup binding affinities than Imp β2 (ref. 29) . Beyond this competition between Imp β1 and Imp β2, we found that a high concentration of either importin might have induced either slight conformational changes of the FG Nups or self-competition in the NPC and hence might have been responsible for the changes observed particularly in the nuclear basket for Imp β2 and at the cytoplasmic side for Imp β1 (Fig. 4a,b) .
We also revealed that 15 µM Imp β1 strongly outcompeted 1 nM NTF2 along the entire strong-interaction regions of NTF2 (from −70 nm to −40 nm and from −20 nm to 20 nm) and caused most NTF2 to diffuse into the central axial channel (Fig. 4c) . In contrast, 1 nM Imp β1 retained its effective interactions with FG Nups in the nuclear basket and at the central scaffold (from −100 nm to 20 nm), and lost only ~9% of its interactions on the cytoplasmic side (from 20 nm to 90 nm) in the presence of 15 µM NTF2 (Fig. 4d) npg a r t i c l e s are consistent with those of a recent in vitro study on the competition between NTF2 and Imp β1 (ref. 35 ). Again, we observed both self-competition of NTF2 and an altered conformation of the FG-Nup barrier at 15 µM NTFs; nonetheless, these changes had a minor contribution to the observed competition between Imp β1 and NTFs (Fig. 4c,d) .
We next studied the competition between Crm1 and two other exportins (CAS and Tap ∆NLS -p15; Fig. 5a-d) . Similarly to the competition of Imp β1 with other importins, 15 µM Crm1 outcompeted either 1 nM CAS or 1 nM Tap ∆NLS -p15 by significantly shrinking their effective interaction zones with FG Nups, thus causing the majority of CAS or Tap ∆NLS-p15 molecules in their strong TR-FG-interaction zones to diffuse into the central axial channel (Fig. 5a,c) . In contrast, 15 µM CAS or Tap ∆NLS -p15 enhanced the interactions between 1 nM Crm1 and FG Nups in the weak-interaction zones of Crm1, by changing the two strong-interaction regions of Crm1 (from −10 to 20 nm and from −100 nm to −40 nm; Figs. 3g and 5b) to a single stronginteraction zone (from −100 nm to 20 nm for CAS, and from −40 nm to 50 nm for Tap ∆NLS -p15; Fig. 5b,d) . Notably, the experiments with 15 µM CAS and Tap ∆NLS -p15 indicated that the conformation of the FG-Nup barrier had been substantially changed; this conformational change may have been the direct cause of the altered interaction regions of Crm1 induced by 15 µM CAS or Tap ∆NLS -p15 (Fig. 5b,d) .
Unexpectedly, we further found that Imp β1 and Crm1 scarcely affected each other's pathways at either the central scaffold or the cytoplasmic side of the NPC and that their main competition occurred on the nuclear side of the NPC (Fig. 6a,b) . Additionally, we examined the competition between TRs and FG segments in the NPC and found that both Imp β1 and Crm1 significantly outcompeted FG segments in almost all the tests (Supplementary Fig. 6 ), as expected, given the higher binding affinity of TR-FG interactions compared to FG-FG interactions 36 . In addition, the results supported the hypothesis that TRs need to dissolve into the FG-Nup barrier by outcompeting the FG-FG interactions to carry cargo through the NPC [16] [17] [18] [19] .
Competition in living cells
Finally, we explored the spatial distribution of Imp β1 or Crm1 inside the NPCs in live cells. The in vivo spatial maps of Imp β1 and Crm1 inside the NPC, both of which were tagged with GFP on their C termini (at sites far from the known binding sites on the surfaces of these two TRs), had fundamental similarities but also some distinct differences in their distributions in permeabilized cells (Fig. 7) . (Fig. 7a) . Considering the data obtained of competition between Imp β1 and other importins or exportins in permeabilized cells (Figs. 4 and 6) , we suggest that the distribution of Imp β1 molecules on the cytoplasmic side of the NPC in live cells might be caused by its competition with other importins, such as NTF2, Imp β2 and other untested importins, but probably not with exportins. In live cells, Crm1 showed a spatial distribution highly similar to that of Crm1 alone in permeabilized cells, except for its localization in the nuclear basket (Fig. 7b) . Notably, Crm1 retained a strong-interaction zone in the central scaffold of the NPC (from −10 nm to 20 nm), which was similar to that seen in permeabilized cells, but it partially lost the other strong-interaction zone (from −100 nm to −40 nm) in the nuclear basket (approximately 10% of Crm1 molecules diffused into the central axial channel in this region), thus suggesting that the multiple TRs present in live cells may substantially compete with Crm1 in the nuclear basket. In live cells, both Imp β1 and Crm1 would be cargo bound as they traverse the NPCs, and the bound cargos and the gradient of RanGTP and RanGDP across the NE would additionally affect their binding affinities with the FG Nups 26 . Previously, our measurements have indeed suggested that cargo-free and cargo-bound Imp β1 have slightly different transport routes through the NPCs in permeabilized cells 22, 23 . Thus, the observed spatial transport routes of Imp β1 and Crm1 in live cells may be a combined effect of the competition among TRs and the alterations in binding affinity caused by bound molecules.
DISCUSSION
The above 3D tomography of interactions and competition obtained in the native NPCs of human cells yielded new insights into the structure and function of the FG-Nup barrier and the nucleocytoplasmic transport mechanism. First, not all the FG Nups interacted effectively with one another in the native NPCs. Regardless of FG type (FG, FXFG or GLFG), the weak FG-FG hydrophobic interactions among FG Nups were affected by or even inhibited by the (negatively or positively) charged amino acids located around the FG repeats (Fig. 2b,  Supplementary Fig. 4, Supplementary Table 2 and Online Methods). This conclusion obtained in native human NPCs agrees well with the results from previous tests conducted in yeast cells 21, 27 and also helps to settle the disputes in previous reports showing either interaction or no interaction among certain FG Nups 19, 36 . Moreover, we concluded Table 2 ). However, our data clearly did not support this possibility, because neither yNup 159(441-881) nor yNsp1(1-603) showed interaction with the native FG-Nup barrier. Additionally, the transit of isolated FG segments through the NPC has implied that some FG Nups facilitate trafficking and move together with trafficked macromolecules through the NPCs, as suggested previously 37 . Second, the FG-Nup barrier is spatially inhomogeneous and possesses distinct concentrations of FG repeats in different subregions of the native NPC, all of which are much lower than previously estimated 17, 19 . FG Nups form a saturated hydrogel in vitro that mimics the selectivity barrier in the native NPC when the concentration of FG repeats is increased up to 750 mM (~50 mM of FG Nups if there are ~15 FG repeats per FG Nup) 17, 19, 28 . However, on the basis of the 3D geometry of the FG-Nup barrier obtained here (Online Methods) and the total number of FG repeats estimated previously (n ≈ 2,650) 28 , we found that the FG-Nup barrier possesses an average FG-repeat concentration of ~5.6 mM in the central scaffold (−20 nm to 20 nm), ~2.1 mM on the nucleoplasmic side (−100 nm to −20 nm), ~1.8 mM on the cytoplasmic side (20 nm to 90 nm) and ~0 mM in the central axial channel (~10-17 nm in diameter) (Fig. 3q) . These data suggest that it is unlikely that an FG-Nup hydrogel meshwork [16] [17] [18] [19] could form with such low concentrations of FG repeats under physiological conditions in the native NPCs.
Third, each TR has unique strong and weak TR-FG-interaction zones within the FG-Nup barrier. Among the tested TRs in the native NPC, Imp β1 and Tap-p15 possessed a single strong-interaction zone covering the entire passageway of the NPC, and the other TRs instead had multiple shorter strong-and weak-interaction zones within the FG-Nup barrier. The determined strong-or weak-interaction regions for these TRs coincided well with their previously measured or predicted binding abilities with different FG Nups except Crm1 (Supplementary Table 2 ). Previously Crm1 has been suggested to effectively interact with most FG Nups, on the basis of in vitro determinations 10 , but our data indicated that Crm1 possesses stronginteraction zones in only the central scaffold and at the nuclear basket of the native NPC. Additionally, we found that the addition of RanGTP (2 µM Ran and 1 mM GTP) in the measurements of TR-FG interactions in permeabilized cells did not cause clear changes in the transport routes of all these tested cargo-free TRs (data not shown). In summary, the boundaries of the strong-interaction zones depended on the strength of TR-FG binding affinities, the competition among TRs and the concentrations of FG repeats and TRs in the subregions of the NPC.
Finally, TRs alter the tomography of the FG-Nup barrier and affect one another's pathways, depending on the competition circumstances. If the NPC was slightly loaded with TRs, the FG-Nup barrier largely maintained its tomography while interacting with FG segments, importins or exportins (Fig. 3) . Moreover, each TR efficiently can pass through the FG-Nup barrier by finding the necessary binding sites to form its unique strong-and weak-interaction zones. However, under high TR concentrations and heavy competition among TRs, the TRs may alter the tomography of the FG-Nup barrier and modify one another's transport routes, as evidenced by the different spatial distributions of FG domains and the different strong-and weak-interaction zones for each TR under 1 nM and 15 µM TRs (Figs. 4 and 5) . As a consequence, a TR's ability to pass through the NPC in TR-facilitated translocation heavily depends on the TR's ability to find available binding sites in the FG-Nup barrier as it competes with other TRs. Interestingly, our real-time tracking of TRs through the NPCs of live cells suggests that the live NPCs may provide moderate competition circumstances for the substantial nucleocytoplasmic trafficking.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Cell culture and transport conditions. A HeLa cell line (American Type Culture Collection) stably expressing the GFP conjugate of POM121 was used, and freshly split cells were grown overnight on coverslips or glass-bottomed dishes in DMEM supplemented with 10% FBS. Mycoplasma contamination in the cell culture was assessed by DAPI staining before experiments. For microscopy imaging in permeabilized cells, flow chambers were constructed with a top coverslip and two lines of silicone grease as spacers. Cells were washed with transport buffer (20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, and 1 mM EGTA, pH 7.3), permeabilized for 2 min with 40 µg/mL digitonin in transport buffer, and washed again with transport buffer supplemented with 1.5% polyvinylpyrrolidone (PVP; 360 kDa). PVP was included in all transport buffer solutions after digitonin treatment to prevent osmotic swelling of the nuclei. More details can be found in previously published methodology [22] [23] [24] [38] [39] [40] [41] . For live-cell imaging, cells were kept in the glass-bottomed dishes, and the medium was replaced by transport buffer just before detection.
For single-molecule measurements of substrates including FG domains, transport receptors and passive diffusion of small molecules in permeabilized HeLa cells, 1 nM Alexa Fluor 647-labeled substrates were tracked through the NPCs in the presence or absence of 15 µM unlabeled substrates. Specifically, to test the effect of RanGTP on TR-FG interactions in the NPCs of permeabilized cells, 1 mM GTP, 2 µM Ran, and 1 µM NTF2 were added into the transport buffer. For living-cell detection, GFP tagged Imp β1 or Crm1 was transfected into the HeLa cells, and single-molecule tracking of Imp β1 or Crm1 through the NPCs was conducted after complete photobleaching of the fluorescence of GFP-Pom121 in the NPCs.
FG segments and their labeling.
Coding sequences for FG domains were PCR-amplified from Saccharomyces cerevisiae DNA or synthesized de novo by GenScript and were cloned into pGEX-2TK in frame with the 3′ end of the glutathione S-transferase (GST) gene. Where indicated, codons encoding six histidine and one tryptophan residues were added at the 3′ end. FG domains were expressed as GST fusions in the Escherichia coli BL21 strain, and glutathione-coated beads were used to isolate them from bacterial extracts. FG domains were then released by thrombolysis from their GST tags, and in some cases, nickel-coated beads were used to recapture the FG domain via its C-terminal histidine tag. Proteins were eluted from beads with 50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 250 mM imidazole, and 0.1% Tween-20, and concentrated (Centricon 3) when necessary 21, 27 . All proteins were then labeled with 20-fold molar excess Alexa Fluor 647 succinimidyl ester (Invitrogen) for 2 h at room temperature in binding buffer (20 mM HEPES, pH 6.8, 150 mM KOAc, and 2 mM MgOAc), and the products were dialyzed to remove the free dyes. The labeling ratios are shown in Supplementary Table 1. Transport receptors, dextran and their labeling. N-terminal histidine-tagged Imp β1(1-861), Imp β1(331-861), Imp β2, NTF2, Crm1, CAS and human Tap ∆NLS -p15 heterodimer proteins were expressed in E. coli and purified with Ni-NTA Superflow (Qiagen), MonoQ and Superdex 200 (Amersham) chromatography. The solvent-accessible cysteines on the proteins were labeled with 20-fold molar excess Alexa Fluor 647 maleimide dye (Invitrogen) for 2 h at room temperature in 50 mM sodium phosphate, 150 mM NaCl, pH 7.5. Reactions were quenched with β-mercaptoethanol, and the products were dialyzed to remove the free dyes. Alexa Fluor 647-labeled 10-kDa dextrans were purchased from Invitrogen. The labeling ratios are shown in Supplementary Table 1. Instrumentation. The SPEED microscope included an Olympus IX81 equipped with a 1.4-NA 100× oil-immersion apochromatic objective (UPLSAPO 100×, Olympus), a 35-mW 633-nm He-Ne laser (Melles Griot), a 120-mW ArKr tunable ion laser (Melles Griot), an on-chip multiplication gain charge-coupleddevice camera (Cascade 128+, Roper Scientific) and the Slidebook software package (Intelligent Imaging Innovations) for data acquisition and processing. An optical chopper (Newport) was used to generate an on-off mode of laser excitation. GFP and Alexa Fluor 647 fluorescence were excited by 488 nm and 633 nm lasers, respectively. The two lasers were combined with an optical filter (FFF555/646 Di01, Semrock), collimated and focused into an overlapped illumination volume in the focal plane. The green and red fluorescence emissions were collected by the same objective, filtered by a dichroic filter (Di01-R405/488/561/635-25x36, Semrock) and an emission filter (NF01-405/488/561/635-25X5.0, Semrock) and imaged with an identical CCD camera.
Localization of the NE and determination of NPC orientation. The position of the NE was determined at super accuracy by fitting the fluorescence of GFP-POM121 as follows. The pixel intensities within a row or a column approximately perpendicular to the NE were fit with a Gaussian. The peak position of the Gaussian for a particular set of pixel intensities was considered to be the NE position for that row and column. The peak positions of a series of such Gaussians were then fit with a second-degree polynomial, yielding the orientation of the NE within the entire image. The following rules were then used to select a single NPC and determine its orientation, which needed to be perpendicular to the NE on the equator of the nucleus and to the y direction of the Cartesian coordinates (x, y) in the CCD camera: first, to focus on a GFP-NPC with eight copies of GFP-POM121, individual GFP-NPCs on the NE were selected when their fluorescence intensity was eight-fold that of a single GFP; second, we chose a fluorescent NPC on the equator of the nucleus, such that the tangent of the NE at the location of this NPC was parallel to the y direction of the Cartesian coordinates (x, y) in the CCD camera; and third, we examined the ratio of Gaussian widths in the long and short axes of the chosen GFP-NPC fluorescence spot, which needed to fall between 1.74 and 1.82. Within this range, an illuminated NPC has a free angle of 1.4° to the perpendicular direction to the NE [22] [23] [24] .
Localization precision for isolated fluorescent spots. The localization precision for fluorescent NPCs, immobile fluorescent molecules and moving fluorescent molecules was defined as how precisely the central point of each detected fluorescent diffraction-limited spot was determined. For immobile molecules or fluorescent NPCs, the fluorescent spots were fitted to a 2D symmetrical or an elliptical Gaussian function, respectively, and the localization precision was determined by the s.d. of multiple measurements of the central point. However, for moving molecules, the influence of particle motion during image acquisition should be considered in the determination of localization precision. In detail, the localization precision for moving substrates (σ) was determined by the algorithm In our experiments, more than 1,000 signal photons were collected from each targeted molecule. As shown in Supplementary Table 1, the localization precision for the immobile molecules based on the s.d. of multiple measurements was approximately 10 ± 1 nm. For moving molecules through the NPCs (captured within ~300 nm in the focal plane of SPEED microscopy as shown in Supplementary Fig. 1 ), the localization precision was calculated to be <13 nm, on the basis of the above equations and the parameters determined experimentally (N > 1,000, a = 240 nm, b ≈ 2, s 0 = 150 ± 50 nm, D = 0.4-0.8 µm 2 /s for the tested substrates). The approach to determine the diffusion coefficients followed a previously published procedure 24 . The localization precision of the NPC centroid was determined to be 2 ± 1 nm in permeabilized cells or 7 ± 2 nm in living cells, given the inevitable small vibration of NPCs in the NE of living cells. The system error of alignment between red and green fluorescence channels was 3.0 ± 0.1 nm, as determined by measuring 230 immobile Alexa Fluor 647-labeled GFP fluorescent molecules on the surface of a coverslip. Therefore, the overall tracking precision for transport of labeled molecules through the GFP-labeled NPC was estimated to be <13.5 nm in permeabilized cells and <15.1 nm in living cells. 
